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R677Chromosome Segregation:
Correcting Improperly Attached
Chromosomes
Two new studies show that Aurora B kinase corrects improperly
attached chromosomes by recruiting molecules necessary for
eliminating the bad attachments and by regulating the turnover of the
kinetochore fiber.Xin Zhang and Claire E. Walczak
The proper segregation of
chromosomes to the two daughter
cells is an essential part of the cell
cycle. Defects in this process
result in aneuploidy, which can
lead to genomic instability and
cancer. Accurate chromosome
segregation in mitosis requires
that sister kinetochores on the
mitotic chromosomes attach
properly to microtubules
emanating from opposite spindle
poles, but the molecular
mechanisms underlying this
process are not yet understood.
One key player in sensing and
correcting improper
kinetochore–microtubule
attachments is Aurora B kinase,
inhibition of which results in
multiple mitotic defects, including
the failure to detect or correct
improper attachments.
Understanding how Aurora B
works requires the identification of
key downstream substrates, such
as themicrotubule depolymerizing
kinesin, MCAK, which is also
involved in regulating proper
kinetochore–microtubule
interactions. Two papers in thisissue [1,2] reveal some new hints
about the mechanism by which
Aurora B corrects improper
attachments. These studies show
that molecules such as MCAK and
the Aurora B complex itself are
selectively and preferentially
localized to defective attachment
sites, where they act to control the
attachment state by regulating
the dynamics of the
kinetochore-fibers.
In vertebrate cells, the
kinetochores are attached to the
spindle poles by bundles of
microtubules that form the
kinetochore-fibers. Defective
attachments, such as merotelic
attachments in which a single
kinetochore is attached to
microtubules emanating fromboth
spindle poles, are particularly
damaging because they are not
sensed by the spindle assembly
checkpoint, but do cause lagging
chromosomes during mitosis
[3,4]. Luckily for cells, merotelic
attachments occur frequently in
early mitosis, but most are
corrected before anaphase by as
yet unknown mechanisms [5]. It
has recently been shown that
many of themerotelic attachmentsthat persist in anaphase often get
segregated to the pole with the
thicker kinetochore-fiber bundle,
which is presumably the correct
spindle pole. But then how does
Aurora B function in this process?
Cimini et al. [1] took advantage
of a small molecule inhibitor of
Aurora B, ZM44739 [6], to partially
inhibit Aurora kinase and then
examined the properties of the
kinetochore-fibers. They found
that partial inhibition of Aurora B
kinase resulted in an accumulation
of lagging chromosomes at
anaphase, in part by increasing the
fraction of microtubules that are
attached to the incorrect pole.
To look more closely at the
microtubules within the
kinetochore-fiber, they used
a photoactivatable derivative of
the fluorescent fusion protein
GFP-tubulin to measure the
dynamics of the microtubules
within the kinetochore-fiber. They
found that partial inhibition of
Aurora B caused a dramatic
stabilization of the
kinetochore-fibers, but had no
effect on the turnover of bulk
spindle microtubules. This
provides a potential explanation
for why the attachments are not
corrected, because the
microtubules within the
kinetochore-fiber are unlikely to be
detaching from the kinetochore.
Interestingly, while the dynamics
of the kinetochore-fiber
microtubules were dramatically
reduced by Aurora B inhibition, the
amount of tension between the
two sister kinetochores was not
significantly perturbed. This
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Figure 1. Model for Aurora
B in merotelic attachment
correction.
In a merotelic attachment,
the kinetochore is pulled into
the inner centromere, where
Aurora B localizes. Aurora B
recruits more molecules of
the Aurora B complex itself,
as well as molecules that are
necessary to get rid of the
bad attachment, such as the
microtubule depolymerase
MCAK, to the merotelic foci.
Aurora B may also activate
the kinetochore proteins that
are essential for the micro-
tubule detachment, such as
Ndc80 complex. The in-
creased correction machin-
ery detaches and/or de-
polymerizes the microtubule
from the merotelic foci to
help amphitelic attachment
formation, in which the
two kinetochores are pulled
away from the inner centro-
mere and thus can maintain
proper attachments.suggests that Aurora B may
function through
kinetochore–microtubule
attachment and detachment,
independent of or downstream of
tension regulation. But it brings up
the question of how the dynamics
of microtubules affect their
attachment to kinetochores and
how this affects tension [7]. These
results also imply that the way
Aurora B corrects the merotelic
attachment is to increase the
turnover of the kinetochore-fibers
so that they will have a better
chance tobecorrected—but how?
One simple hypothesis is that
Aurora B phosphorylates different
substrates that are then used to
correct the attachments. For
example, Aurora B may increase
kinetochore–microtubule
dynamics through some proteins
that can directly regulate
microtubule dynamics. In support
of this idea, Aurora B is required
for MCAK to localize at the
centromere, where MCAK activity
is regulated by Aurora B, which is
important in regulating proper
microtubule attachment to
kinetochores [8–10]. Inhibition of
Aurora B may cause loss of MCAK
at the centromeres, contributing
to the decreased dynamics of
kinetochore-fibers. The other
possibility is that Aurora B
increases the rate ofkinetochore–microtubule
attachment and detachment. This
may be mediated through one or
more of the molecules involved
in attaching kinetochores to
microtubules, such as CENPE, the
Ndc80 complex and MAST/Orbit/
CLASPs [11–14]. It could also be
mediated by molecules that have
been found to cause abnormal
chromosome congression or
segregation when depleted, such
as the Rod complex and EB1
[15,16]. In support of the first idea,
Ndc80 phosphorylation by Aurora
B was shown to result in
kinetochore–microtubule release
in yeast [17]. In their recent work,
Knowlton et al. [2] uncovered
a third potential mechanism in
which merotelic kinetochores
contain higher amounts of the
proteins necessary to correct
these attachments. This suggests
that recruiting additional
error-correcting machinery may
be another strategy cells employ
to fix malattachments.
One technical challenge in
studying merotelic attachments is
that it is often difficult to identify
the maloriented chromosomes
without high-resolution
three-dimensional
reconstructions of fluorescent
micrographs, a time-consuming
and arduous task. However,
Knowlton et al. [2] developeda new tool to examine the
merotelic attachments by using an
irregular staining pattern of an
outer kinetochore protein, Ndc80.
This simpler method of analysis
greatly facilitated their ability to
examine the distribution of other
important players in the process of
error correction. They found that
Aurora B, as well as the other
members of Aurora B complex,
such as INCENP and Dasra, are
preferably enriched at the
merotelic kinetochores, which
may provide one explanation for
how Aurora B can correct
improper attachments without
affecting normal and presumably
correct attachments. It is
especially interesting that MCAK,
a known downstream target of
Aurora B, is also enriched at these
merotelic attachment sites.
Furthermore, by examining the
staining pattern of a specific
phosphorylated form of MCAK
that is known to inhibit its
depolymerization activity [8],
Knowlton et al. [2] found that, while
there is a substantial increase in
the amount of MCAK recruited,
there is a decrease in the amount
of MCAK phosphorylated at this
activity controlling site. This is
important because it indicates that
MCAK is recruited to the foci of
malattachments, and its reduced
phosphorylation indicates that the
MCAK can actively depolymerize
the incorrectly attached
microtubules.
Together these two new studies
[1,2] have likely uncovered an
important mechanism of how
merotelic kinetochores are
corrected by Aurora B (Figure 1).
As suggested by Cimini et al. [1],
Aurora B may form a gradient at
the centromere region, which is
greatest at the inner centromere.
When an amphitelic (proper)
attachment forms, the
kinetochores are pulled away from
the inner centromeres so that
more stable microtubules can
attach to the kinetochores. When
a merotelic attachment occurs,
however, the microtubules will pull
the merotelic kinetochores toward
the inner centromere where more
Aurora B localizes. At the same
time,more Aurora B and additional
regulatory molecules that are
crucial for the error correction are
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increase the turnover of these
kinetochore fibers. This will
increase the chance for the
malattachments to be corrected.
The specific molecules involved in
this process are still not clear;
however, the current work shows
that theAuroraBsubstrateMCAK is
enriched at the merotelic foci in an
activated form. It will be interesting
to look at other components of the
microtubule attachment machinery
as well as additional Aurora B
substrates as they are identified.
As any good science often does,
we are left with just as many if not
more questions than when we
started. What molecules are
upstream of Aurora B and how do
they act? What are the signals and
the mechanisms by which
increased amounts of Aurora B
are recruited to the merotelic
kinetochores, or are their turnover
dynamics just altered such that
they are preferentially retained at
these sites? Which phosphatase
antagonizes Aurora B at the
centromeres to turn off the kinase
and perhaps assist in maintaining
stable attachments? Is it
chromatin-associated protein
phosphatase 1, which antagonizes
Aurora B phosphorylation on H3
[18]? Further studies are needed to
reveal theanswers to thesepuzzles.
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